The present work provides an investigation of the technical and economic feasibility of integrating Concentrating Solar Power (CSP) technologies with cogeneration gas turbine systems that are progressively being installed in Saudi Arabia. Different designs of hybrid solar/fossil fuel gas turbine cogeneration systems have been proposed. These designs consider the possible integration of Solar Tower (ST), Parabolic Trough Collector (PTC), and Linear Fresnel Reflector (LFR) systems with conventional gas turbine cogeneration systems. These three CSP technologies were assessed for possible integration with a gas turbine cogeneration system that generates steam at a constant flow rate of 81.44 kg/s at P = 45.88 (bar) and temperature of T = 394°C throughout the year in addition to the generation of electricity. THERMOFLEX with PEACE simulation software has been used to assess the performance of the integrated solar gas turbine cogeneration plant (ISGCP) for different gas turbine sizes under Dhahran weather conditions. Thermo-economic comparative analysis have been conducted to reach the optimal levelized electricity cost (LEC) and CO2 emission combination for each ISGCP configuration for each the three CSP technologies in comparison with the integration of CO2 capture technology to the conventional plant. The simulation results revealed that the optimal configuration is the integration of LFR with the steam side of a gas turbine cogeneration plant of 50 MWe, which gives a LEC of 5.1 US / kWh with 119 k tonne reduction of the annual CO2 emission.
Introduction
Cogeneration is the generation of heat and power from the same source with a higher efficiency compared to that of conventional power plants [1] . The recent investigations on cogeneration focused on novel configurations of cogeneration plants using fossil fuels as the source of energy [2, 3] . Recently, developed designs and technologies developed up to 2011 for heat and power cogeneration plants that utilize renewable energy sources have been reviewed and reported [4] . The utilization of solar energy via hybrid PV and combined heat and power cogeneration and trigenration plants were reviewed in [5, 6] . Rheinländer and Lippke [7] investigated the use of solar tower technology for cogeneration of electricity and desalinated water. Nia et al. [8] experimentally investigated the use of Fresnel lens and thermoelectric module to produce electricity and preheat water. Häberle et al. [9] investigated and reported the thermal and optical performance characteristics of the Solarmundo Fresnel collector using CFD simulations. Gharbi et al. [10] conducted a comparative investigation of the performance linear Fresnel linear reflectors with respect to that of parabolic trough collectors. Morin et al. [11] varied the operation and maintenance cost as well as the performance reflecting different designs of linear Fresnel reflectors in order to estimate the optimal solar field for a power plant in comparison with that required parabolic trough field. Quoilin et al. [12] investigated and optimized the performance of a small solar powered organic Rankine cycle for off-grid power generation. Zhang et al. [13] presented the theoretical analysis of a solar powered Rankine cycle that uses the supercritical Carbon dioxide to generate electric power and heat. Thermo-economic performance of central receiver solar assisted cogeneration plant that uses ammonium hydrogen sulfate cycle as a basis for chemical storage to produce heat and electricity on daynight demand has been investigated and reported [14] . Li et al. [15] used the multi-objective optimization to optimize the thermo-economic performance of a solar parabolic dish Brayton gas turbine system. Lindenberger et al. [16] has applied the dynamic energy, emissions, and cost optimization model (deeco), to analyze and optimize a district heating system for 100 houses which has reduced the CO2 emissions by 33 % via providing 80 % of the heat demand but with a cost increase of 120 %. Similarly, Buoro et al. [17] optimized a solar assisted distributed cogeneration system. A thermodynamic analysis of thermal gains and losses through the heat collection element (HCE) had been conducted [18] . Direct steam generation in PTC system had been investigated by many researchers [19, 20] . Relatively recent research proved that solar assisted power plants are among the best energy production options that can be used to preserve the quality and accessibility in energy production while reducing fuel consumption [21, 22] . Integrating a gas turbine cogeneration plant with a solar system is one of those promising strategies to guarantee a stable power supply from a solar thermal power plant. The techno-economic performance of ISGCP systems utilizing different CSP technologies and the influence on CO2 avoidance, in particular, has not been studied in the previous work. In the present work, a novel investigation on the possible integration of solar energy with a conventional gas turbine cogeneration plant using different CSP technologies in view of CO2 avoidance is presented. These technologies are namely, parabolic trough collectors, Fresnel linear reflectors and solar tower technologies.
Problem Statement and Systems Description
To explore the feasibility of integrating different CSP technologies with gas turbine cogeneration plants, an actual conventional gas turbine cogeneration plant at Ras-Tanura, Saudi Arabia, has been selected as an example. The gas turbine of the actual plant is originally sized such that it can produce electricity of 150 MWe and its exhaust gases have thermal contents enough to produce a constant flow rate of steam of 81.44 kg/s at 394 °C and 45.88 bars [23] . In the present work, solar energy is integrated to the conventional gas turbine cogeneration plant in order to reduce the CO2 emissions. The PTC or LFR are integrated with the steam side to contribute to the generation of the steam while the solar tower is integrated to the gas turbine side to heat the compressed air before the combustion chamber of the gas turbine cogeneration plant. To reach the optimal size of the CSP system to be integrated with the gas turbine cogeneration plant, the thermo-economic performance of the ISGCP is investigated in comparison with that of the conventional gas turbine cogeneration plant. Several simulations have been conducted first for hourly performance. Previously published results of the early stages of this work revealed that a difference of 0.195 % was reported between the total energy output (for the PTC system) calculated using the hourly performance and that calculated using the averaged typical day performance over the month of January and that for the month of June was 0.039 % [23] . Thus, the typical average day approach has been adopted to estimate all the annual performance metrics presented in this article using Thermoflex + PEACE software [24] .
Simulation parameters and performance metrics
The conventional and ISGCP have been simulated and assessed for different sizes of gas turbines in the range of between 30 and 150 MWe. For all the investigated gas turbine sizes, many key thermo-economic parameters have been evaluated. The definitions and significance of all the thermo-economic metrics used in this study are presented and discussed hereunder. The efficiency (energy utilization factor) of a cogeneration plant is defined as the ratio of delivered usable energy to the energy input as follows [25] :
where Wnet is the net electric power output, Qheat is the process heat, and Einp is the rate of energy input. The Annual solar share (SS) is the ratio of the energy generated from the solar energy input to the total energy generated over the year, [26] , and it is defined as:
Annual fuel consumption kWh IGSCP SS
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The Incremental CO avoidance is the annual reduction of CO emissions due to the utilization of solar energy, [22] , which is defined as:
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Where 2 , CO GCP ref is the annual emissions of CO from of the gas turbine cogeneration plant (GCP); 2 ,
CO GCP IGSCP
is the annual emissions of CO from the (ISGCP) and fCO2 is the amount of CO2 emissions per heating rate of fuel and values of fCO2 for some common fuels can be found in [26] . The Levelized energy and electricity cost can be defined as the ratio of the total annual cost in US$ to the total annual energy generated from the power plant. For cogeneration plants, one need to fix the cost of one of the products (usually steam) at its local market price and subtract its price to calculate the "net cost" of the other product which is usually the electric power as follows [27] 
Where I tot is the total investment cost; fcr is the annuity factor; OM ann is the annual operation and maintenance costs; F ann is the annual fuel consumption cost; and E ann is the annual total electrical energy (KWh) and fcr is defined as:
where Kd is the interest rate, Kinsurance is the annual insurance rate and n is the depreciation period in years.
Results and discussion
The key metrics for the thermo-economic comparative analysis are summarized Table 1 . For all gas turbine sizes, values of the annual share using LFR are very close to those obtained using PTC. This is due particularly to the utilization of both technologies in steam generation side. The levelized electricity cost for the integrated system with the LFR is lower than the LEC of PTC systems for all gas turbine size. On the other hand, the LEC of the ST is higher than that for the other two technologies for all gas turbine sizes considered in the present study. Many of electric generation power plants are recently integrating carbon capture technologies to its conventional power generation units so as to reduce impact of CO2 emission on the environment. Therefore, it is found necessary to compare the performance of different CSP-integrated gas turbine cogeneration plants under consideration with the performance of conventional gas turbine cogeneration systems under same conditions of CO2 reduction (avoidance). In this regard, Figs The results presented in Figs 1(a) and 1(b) revealed that integrating PTC and LFR with gas turbine conventional cogeneration systems is more economically feasible in comparison to conventional systems with CO2 avoidance in the cases of low-size gas turbines. On the other hand, integrating ST with gas turbine cogeneration plant has proved to be less economically feasible in comparison with CO capture technology for all gas turbine sizes under consideration. The results of the levelized electricity cost, CO2 emission avoidance and the overall cogeneration plant efficiency , one can put all these results are presented in comparative graphical forms (maps) in Fig. 2(a) and 2(b) . * LEC of parabolic trough power plants [28] . ** LEC of solar tower power plants [28] . In the map of Fig. 2(a) , the LEC-CO2 emission combination state for each gas turbine cogeneration plant integrated with different CSP technologies is presented. This map also includes reference points for the conventional plant with gas turbine of 150 MWe size (point 1) and that of the completely solar powered plants with zero CO2 emission (point 2) that represents the minimum LEC for the parabolic trough solar power plants [28] and point 3, which represents the minimum LEC for solar tower power plants [28] ). Moreover, in this map ( Fig. 2(a) ), point 4 represents the LEC for a conventional gas turbine cogeneration plant integrated with CO2 capture technology.
For comparison purposes, lines have been drawn on the map (Fig. 2(a) ) connecting point 1 (that represent the reference conventional gas turbine cogeneration plant) to the zero emission points (2, 3 and 4) that represent different CO2-emission avoidance technologies. Actually, the purpose of these lines is to clearly locate the ISGCP configurations that are feasibly viable compared the conventional and zero-emission technologies' limits. For example, all ISGCP configurations that provide LEC-CO2 combination states below these lines are economically-environmentally feasible. Inspecting the LEC-CO2 map, one can find out clearly that most of the ISGCP configurations (with different CSP technologies) are all feasible both economically and environmentally. This is mainly attributed to the fact that the site considered for all simulations is located in a high insolation region. Moreover, the line connecting point 1 and point 4 representing the integration of carbon capture technologies gives a sort of a criterion for considering configurations that have LEC-CO2 combination state below this line would be more feasible compared to other configurations located above this line. Having many configurations (especially those for PTC and LFR ISGCP plants) can exist below this line, one needs another criterion to select the more feasible configuration. Thus, a third dimension was thought to be added to this map, which is the total plant efficiency which is presented in the form of plant efficiency-CO2 emission map as presented in Fig 2(b) . In this map, a line has been plotted to connect point 1 for the conventional 150 MWe gas turbine cogeneration plant and the ISCGP of lowest LEC-CO2 emission combination which is for LFR integrated with 30 MWe gas turbine cogeneration plant. One can consider the design configurations on or above this line as the most economically and environmentally feasible configurations. According to Fig. 3(a) , one can conclude that the optimal integration configuration is the solarization of the steam side in conventional gas turbine cogeneration plant integrated with LFR system for gas turbine size ranged between 50 to 90 MWe. However, according to Fig. 3(b) , the total plant efficiency of 50 MWe integrated with LFR is better than that for 70 and 90 MWe. Also the ISGCP of 50 MWe size integrated with PTC CSP system have a higher total efficiency than that of the 50-MWe-LFR ISGCP with little lower CO2 emission but with a significant increase in the LEC. Thus, it can be concluded that the integration of the optimal solar multiple (0.8) of LFR or PTC with 50 MWe gas turbine size are the most economically and environmentally feasible design configurations for the gas turbine cogeneration plant under consideration.
Conclusions
An integrated solar gas turbine cogeneration plant (ISGCP) that generates electricity and produces process steam at a constant flow rate of 81.44 kg/s at 45.88 bar and 394 °C has been analyzed for different gas turbine generating capacities. A comparative thermo-economic analysis has been carried out to determine the optimal integration of each of the three different CSP technologies (parabolic trough collectors, linear Fresnel reflectors and solar tower) for each gas turbine size. LEC-CO2 map has been developed based on the simulation results for all the considered integration of the three CSP technologies in comparison with that for the integration of CO2 capture technologies to the gas turbine cogeneration plant under consideration. The optimal ISGCP configuration was found, using these maps, to be the solarization of the steam side in conventional gas turbine cogeneration plant integrated with LFR system for 50 MWe gas turbine size. The levelized electricity cost for this configuration is 5.1 US / kWh.
